The D → ρ transition form factors within the QCD light-cone sum rules and the
The branching ratio of the D-meson semileptonic decay D → ρe + νe measured at the CLEO-c detector based on 0.82 fb −1 data taken at the peak of the ψ(3770) resonance disagrees with the traditional SVZ QCD sum rules analysis by about three times. In the paper, we show that this discrepancy can be eliminated by applying the QCD light-cone sum rules (LCSR) approach. By using a convenient Wu-Huang model for the ρ-meson transverse leading-twist distribution amplitude φ ⊥ 2;ρ (x, µ), we obtain the LCSRs for the D → ρ transition form factors A1,2(q 2 ) and V (q 2 ). After extrapolating them to whole q 2 -region, 0 ≤ q 2 ≤ (mD − mρ) 2 ≈ 1. 18 GeV 2 , we obtain 1/|V cd | 2 × Γ(D → ρeνe) = (55.45 
I. INTRODUCTION
The semileptonic decays of the heavy meson, which contains heavy c or b quark, are important for studying the weak and strong interactions and for studying the heavy-flavor physics. In the charmed factories nowadays, such as Belle-II, LHCb, BES-III and PANDA, the Dmeson semileptonic decays provide a good platform for precision test of standard model (SM) and B(D + → ρ 0 e + ν e ) = (2.17 ± 0.12
The D → ρ transition form factors (TFFs) are key components for those D-meson semileptonic decays. They have been calculated under various approaches, such as the 3-point QCD sum rules (3PSR) [4] , the heavy quark effective field theory (HQEFT) [5, 6] , the relativistic harmonic oscillator potential model (RHOPM) [7] , the quark model (QM) [8, 9] , the light-front quark model (LFQM) [10] , the heavy meson and chiral symmetries (HMχT) [11] , and the Lattice QCD [12, 13] . Most of those predictions are consistent with the CLEO measurements within errors; while the QCD sum rules (SR) leads to much smaller branching ratios, i.e. B(D 0 → * Corresponding author † Electronic address: wuxg@cqu.edu.cn
+ ν e ) = 0.5±0.1 GeV [4] . One may question the applicability of the QCD SR approach for those TFFs. There are large uncertainties for the 3PSR prediction, which is however based on the conventional Shifman-VainshteinZakharov SR approach [14] and the approach itself has many defaults in dealing with such kind of TFFs [15] . In the paper, we shall use an improved version of QCD SR approach, i.e. the light-cone sum rules (LCSR) [16, 17] , to recalculate the D → ρ TFFs.
The remaining parts of the paper are organized as follows. In Sec. II, we present the semileptonic decay of D → ρeν e , D → ρ TFFs within the LCSR approach. In Sec. III, we present our numerical results and discussions on the D → ρ TFFs, the D → ρ semileptonic decay width and branching ratio for two different channels. Section IV reserved for a summary.
II. CALCULATION TECHNOLOGY
The longitudinal and transverse helicity differential decay widths of D → ρe + ν e can be expressed in terms of three helicity amplitudes H ± (q 2 ) and H 0 (q 2 ):
where a = +, −, 0 and q
The constant K HV parameterizes the quark flavor mixing relevant to a particular transition, which equals to
where
Here we have adopted the helicity basis to express the decay width; in the helicity basis, the TFF H a (q 2 ) corresponds to a transition amplitude with definite spin-parity quantum number in the lepton pair center-of-mass frame. The transverse and longitudinal helicity TFF H a (q 2 ) can be calculated by relating them to the usual TFFs A 1,2 (q 2 ) and V (q 2 ) via the following way
and
The TFFs A 1,2 (q 2 ) and V (q 2 ) are defined as
The LCSR is based on the operator production expansion near the light cone, and in different to the traditional QCD SR which parameterizes all the non-perturbative dynamics into vacuum condensates, the LCSR parameterizes those non-perturbative dynamics into LCDAs with increasing twists. Due to the complex structures of the ρ-meson LCDAs, it is convenient to arrange them by a parameter δ ≃ m ρ /m c ∼ 52% [18, 19] . A collection of the ρ-meson twist-2, twist-3 and twist-4 LCDAs up to δ 3 -order can be found in Ref. [20] . Up to twist-4 level, there are totally fifteen ρ-meson LCDAs, all of which, especially the high-twist DAs, are far from affirmation. As a tricky point of the LCSR approach, one may choose proper current for the correlation function (correlator) so as to suppress less certain terms and improve the accuracy of the LCSR [21] [22] [23] [24] [25] [26] . In the present paper, we adopt a right-handed current to do the LCSR calculation, i.e., we start from the following chiral correlator
where the current j †
. This chiral correlator highlights the contributions from the chiralodd LCDAs φ Following the standard LCSR procedures, we can obtain the LCSRs for the D → ρ TFFs A 1,2 (q 2 ) and V (q 2 ), which are similar to the B → ρ TFFs. Formally, the analytic expressions for the D → ρ TFFs can be obtained from Ref. [20] by replacing the B-meson inputs there as the present D-meson ones. Numerically, we observe that the leading-twist terms are dominant for the LCSRs, agreeing with the δ-power counting; Thus, those TFFs shall provide us a useful platform for testing the properties of leading-twist φ ⊥ 2;ρ via comparisons with the data or predictions from other theoretical approaches, such as those of Refs. [27] [28] [29] [30] . It is natural to define two ratios over the three TFFs A 1,2 (q 2 ) and V (q 2 ),
whose values are measured by the CLEO experiments.
III. NUMERICAL RESULTS
To do the numerical calculation, we take the decay constant f ⊥ ρ = 0.165(9)GeV [27] . The ρ and D-meson masses are taken as m ρ = 0.775 GeV and m D = 1.864 GeV from the Particle Data Group [31] . The CabibboKobayashi-Maskawa matrix element |V cd | = 0.2252 ± 0.0007 [31] , and the D-meson decay constant f D shall be determined by using the LCSR approach [32] . We adopt the Wu-Huang model [33] as the ρ-meson transverse leading twist wavefunction, whose radial part is from the BHL-prescription [34] and the spin-space wavefunction χ h1h2 ρ (x, k ⊥ ) is from Wigner-Melosh rotation. And then, after integrating out the transverse moment dependence, we obtain the ρ-meson LCDA
where f ρ (x, µ0 = 1 GeV) predicted from the WH model. As a comparison, the BB prediction [27] , the Linear PM and HOPM [28] , the AdS/QCD prediction [29] , and the asymptotic form have also been presented. We present the ρ-meson transverse twist-2 LCDA φ ⊥ 2;ρ (x, µ 0 = 1 GeV) in Fig. 1 . As a comparison, the Ball and Braun (BB) prediction [27] , the Linear potential model (PM) and the harmonic oscillator potential model (HOPM) [28] , the AdS/QCD prediction [29] , and the asymptotic form have also been presented. It shows that the shape of φ ⊥ 2;ρ (x, µ 0 = 1 GeV) varies from a single peaked behavior to a double peaked behavior.
To set the Borel window for the LCSRs of the D → ρ TFFs, we adopt the following criteria (i) We require the continuum contribution to be less than 30% of the total LCSR.
(ii) We require all the high-twist LCDAs' contributions to be less than 15% of the total LCSR. We take the continuum thresholds for D → ρ TFFs A 1,2 (q 2 ) and V (q 2 ) as s 0 (A 1 ) = 6.1(3) GeV 2 , s 0 (A 2 ) = 7.1(3) GeV 2 and s 0 (V ) = 6.6(3) GeV 2 , which are close to the squared mass of the D-meson's first excited state D 1 (2420). Numerically, we observe that the TFFs changes slightly with s 0 , thus the uncertainties caused by different choices s 0 is small 1 .
FIG. 2:
The determined Borel windows for the TFFs at the large recoil point, A1,2(0) and V (0).
Following those criteria, the determined Borel windows are, M 2 = 4.5(3)GeV 2 for A 1 and M 2 = 6.2(3)GeV 2 for A 2 and M 2 = 5.0(3)GeV 2 for V , respectively. As shown by Fig. 2 , those TFFs at the large recoil point change slightly within the determined Borel windows, being consistent with usually adopted qualitative criteria that the TFF should be flat within the Borel window. (35) We present the D → ρ TFFs at the large recoil region q 2 0 GeV 2 in Table I , where the uncertainties are squared averages of all the mentioned error sources for the LCSRs. As a comparison, we also present the predictions from various approaches in the Table I , i.e. the CLEO data [3], the 3PSR [4] , the HQEFT [5, 6] , RHOPM [7] , the QM [8, 9] , the LFQM [10] , the HMχT [11] , and the Lattice [12, 13] . Table I shows that the TFFs under many approaches are consistent with each other within reasonable errors. To show the relative importance of various TFFs within different approaches more clearly, we present a comparison of the ratios r 2 and r V in Fig. 3 . The LCSR uncertainties for the TFFs are +13% −12% for r V and +15% −15% for r 2 , which are much smaller than the previous 3PSR predictions (which are ±45% and ±48% [4] , respectively). Thus, by using the LCSR approach, more accurate QCD SR predictions can be obtained. 
with
, and the F i are three TFFs A 1,2 and V , respectively. The parameters a i k can be fixed by requiring ∆ < 0.1%, and the results are put in Table II . Here ∆ is introduced to measure the quality of extrapolation, which is defined as
where t ∈ [0,
40 ] × 0.8GeV 2 . We present the extrapolated TFFs in whole physical region in Fig. 4 , where the shaded bands are uncertainties from various input parameters. As a comparison, we also give the results in the figures, which are from the CLEO collaboration [3], the QM [9] , the LFQM [10] , the HLχPT [11] , and the Lattice predictions [38] , respectively. Here the CLEO collabotation only gives the TFFs at large recoil region, the curves of CLEO measurement are fitted curves derived from the large energy chiral quark model [39] . [4] , HQEFT [5] , NWA [41] with HQEFT [6] and LFQM [10] , FK [11] and ISGW2 [40] . 1.94 ± 0.39 ± 0.13 2.1 ± 0.4 ± 0.1 CLEO2013 [3] 1.77 ± 0.12 ± 0.10 2.17 ± 0.12
0.5 ± 0.1 -HQEFT [5] 1.4 ± 0.3 -NWA [41] +HQEFT [6] 1.67 ± 0.27 2.16 ± 0.36 NWA [41] +LFQM [10] 1.73 ± 0.07 2.24 ± 0.09 FK [11] 2.0 2.5 ISGW2 [40] 1.0 1.3
By using the extrapolated D → ρ TFFs, we calculate the total decay width 1/|V cd | 2 × Γ, the ratio of longitudinal and transverse decay width Γ L /Γ T for the D → ρ semileptonic decays, and the ratio of positive and negative decay width Γ + /Γ − . The results are presented in Table III , in which the results under various approaches have also been presented as a comparison. Our LCSR predictions for 1/|V cd | 2 ×Γ, Γ L /Γ T and Γ + /Γ − are consistent with other approaches within errors, only the value of 1/|V cd | 2 × Γ is quite larger than the 3PSR prediction [4] . As a further step, we calculate the branching ratios for the two D → ρ semileptonic decays. One is the D 0 -type decay via the process D 0 → ρ − e + ν e with the lifetime τ (D 0 ) = 0.410 ± 0.002 ps, another is the D + -type decay via the process D + → ρ 0 e + ν e with the lifetime τ (D + ) = 1.040 ± 0.007 ps [31] . The results are given in Table IV , where the first uncertainty is squared average of the mentioned error sources, and the second uncertainty is from the experimental errors for the lifetime. As a comparison, we also listed the branching ratios derived from various approaches. It indicates that a smaller 1/|V cd | 2 × Γ predicted by 3PSR leads to a smaller branching ratio. This explains why the previous SR pre- 
FIG. 4:
The extrapolated D → ρ TFFs A1,2(q 2 ) and V (q 2 ), in which the shaded bands are squared average of those from the mentioned error sources. As a comparison, we also present the QM [9] , the LFQM [10] , the HLχPT [11] , the Lattice QCD predictions [38] , and CLEO measurments [3] in those figures. diction is inconsistent with other approaches. However, by using the LCSR approach, we observe that a more reasonable and accurate SR prediction can be achieved. The LCSR predictions for the branching ratios for the two D → ρ semileptonic decays also show better agreement with the CLEO measurements.
IV. SUMMARY
In the paper, we have investigated the D → ρ TFFs within the LCSR approach. As shown by Table I and Fig.3 , more accurate QCD SR predictions for the TFFs A 1,2 (q 2 ) and V (q 2 ) can be achieved by applying the LCSR approach other than the 3PSR approach. To compare with the CLEO measurements, the LCSR approach can give reasonable explanations for the D → ρ TFFs.
The pQCD-like approaches is applicable in large recoil region q 2 0 and the lattice QCD approach is applicable in very large q 2 -region, thus the extrapolation of the results under those two approaches shall be strongly model dependent. Thus, in some sense, the LCSR prediction is better than other theoretical predictions, since it is applicable for the widest q 2 -region, e. 
